Angle-dispersive monochromatic x-ray diffraction spectra from a perfect single-grain AlPdMn quasicrystal have been obtained under hydrostatic pressure in a diamond anvil cell up to 35 GPa. More than 50 Bragg peaks with sharpness comparable to that at ambient conditions were observed up to the maximum pressure, indexed and used to measure the hypercubic 6D lattice parameter, providing the most accurate determination of the equation of state in this pressure range to date. Within the instrumental resolution, the absence of broadening of the diffraction peaks indicates the absence of structural transition and/or unusual configurational entropy change expected from previous studies through pressure-induced amorphization or phason defects.
Angle-dispersive monochromatic x-ray diffraction spectra from a perfect single-grain AlPdMn quasicrystal have been obtained under hydrostatic pressure in a diamond anvil cell up to 35 GPa. More than 50 Bragg peaks with sharpness comparable to that at ambient conditions were observed up to the maximum pressure, indexed and used to measure the hypercubic 6D lattice parameter, providing the most accurate determination of the equation of state in this pressure range to date. Within the instrumental resolution, the absence of broadening of the diffraction peaks indicates the absence of structural transition and/or unusual configurational entropy change expected from previous studies through pressure-induced amorphization or phason defects. Examples of local icosahedral symmetry have been found in nature in numerous systems, including transition metal liquids [1] , virus particles [2] , or crystalline solids such as -boron [3] or quasicrystal alloys (QCs). Discovered about 20 years ago [4] , QCs do not have translational symmetry which gives rise to outstanding properties compared to other solid (crystalline or amorphous solids) forms, such as unusual mechanical properties [5] , new design of form [6] , or the ability to store efficiently and reversibly hydrogen [7] . Likewise, the QCs' rotational symmetry offers the opportunity to combine such striking features with many of the properties of conventional crystals [8] . However, after years of intense research on the properties of perfect quasicrystals [9] , fundamental properties such as thermodynamic stability, growth, structure, diffusion processes, and phase transition remain hardly understood and industrial applications rather limited.
Pressure being one of the most efficient way to probe the stability of matter, we report here accurate equation of state (EOS) data of perfect icosahedral AlPdMn, based on both single-grain x-ray diffraction and ultrasonic sound velocity measurements under pressure up to 35 and 1 GPa, respectively. Diffraction patterns of pressurized QCs may also provide insight into the effect of density on the local state of disorder. Because of the lack of translational symmetry, new kinds of defects, so called phasons, diffuse in quasicrystals. They are known to play an important role in the thermodynamic stability of QCs. At ambient pressure, the x-ray diffuse scattering as well as the Bragg peak widths, shapes, and positions have been attributed to quenched-in phason strains [10] . Under high pressure, phason disorder has previously been invoked to explain the increase of the FWHM (full width at half maximum) of the Bragg peaks as pressure is increased on icosahedral (i) AlCuRu and AlPdRe [11] , a behavior also observed on i-AlCuFe [12] , i-ZnMgY [13] , or i-AlPdMn [14, 15] samples. Whereas previous studies did not detect any phase transitions, pressure-induced amorphization has been reported on i-AlLiCu [16] around 12 GPa, in good agreement with previous work [17] . On the other hand, the strong deviations from a standard EOS observed on i-TiZrNi have also been discussed in terms of nonhydrostatic stress components without a need to evoke a phase transition [18] .
What appears to be common to all these studies is a systematic broadening of the Bragg peaks under pressure at a rate of about 1% per GPa (in some cases even a steplike increase), and an increased FWHM after the samples have been depressurized. This behavior has thus been interpreted as a general pressure effect on the intrinsic properties of QCs when no phase transition occurs [19] . A tentative explanation has been proposed by Sadoc [11] . Briefly, perfect i-QCs such as AlPdMn are known to be stabilized at ambient pressure by both a minimization of the energy and a maximization of the entropy. If the increase of FWHM with density is not due to experimental artifacts, it has to be correlated with an increase of the phasonic disorder: at high pressure, the stability of i-QCs thus has to be described through a thermodynamic model where the free energy is primarily stabilized by entropic contributions (as described by the random tiling model).
Experimentally, most of the high-pressure work as discussed above has been performed by energy-dispersive xray diffraction on powder samples using quasihydrostatic pressure transmitting media such as nitrogen, silicon oil, or even nothing at all. As a consequence, experimental artifacts that are known to play a crucial role in the value of the position and the FWHM of the Bragg peaks, such as superposition of lines in the integrated powder diffraction pattern, defects accumulation due to a loss of hydrostatic conditions, bridging effect between grains in the powder, or pressure-induced phase transition of the pressure medium, may have mislead the interpretation of the experimental data to conclude on intrinsic properties of icosahedral QCs under hydrostatic pressure.
Recent high-pressure studies on decagonal AlCoCu to 20 GPa and AlCoNi to 10 GPa demonstrate the improved quality of diffraction data when experiments are carried out on single-grain using angle-dispersive x-ray diffraction technique [20] . It was concluded that neither Bragg scattering nor diffuse scattering are volume dependent in decagonal alloys in the pressure range investigated. However, decagonal compounds are structurally very different from i-QCs, i.e., decagonal QCs are periodic along one direction and quasiperiodic perpendicular to it. For example, the width of different reflections has been measured as a function of pressure on decagonal AlCoNi quasicrystals which revealed a large domain of stability of up to 67 GPa. But a different strain behavior between the periodic and the quasiperiodic structure was detected; i.e., the strain in the latter increases appreciably under pressure in contrast to the former [21] . It thus remains an open question wether or not the experimentally observed pressure-induced increase of the FWHM of Bragg peaks in quasiperiodic structure is intrinsic.
A small single-grain crystal of icosahedral Al 68:2 Pd 22:8 Mn 9 [ 5:081 g cm ÿ3 ] [22] (10 m thickness to avoid bridging between anvils) was loaded into the experimental volume of a membrane diamond anvil cell filled with helium gas [23] . Helium is the most hydrostatic pressure transmitting medium known. The sample was cut (cleaved) from a large and perfect (i.e., almost initially free of frozen-in phason strain) single quasicrystal sample. The pressure was determined using the standard method of the ruby luminescence shift measurement and its calibration [24] . The pressure errors in this technique are typically between 0.05 GPa at 1 GPa and 0.4 GPa at 40 GPa. Angle-dispersive monochromatic ( 0:3738 A) x-ray diffraction patterns were recorded at the ESRF (ID30) on a MAR345 imaging plate system with a resolution almost equal to 0:002 A ÿ1 . The present study of AlPdMn pressure-volume dependence was carried out at ambient temperature, from 7 GPa (high initial pressure due to the helium gas loading procedure) up to 35 GPa. At higher pressure, the thickness of sample chamber was estimated to be similar to the size of the AlPdMn single crystal.
The indexation of the diffraction patterns and the determination of the lattice parameter of ordered aperiodic structure are a straightforward task and will only be briefly described in the following (see Ref. [9] for an introduction). As the reciprocal lattice of ordinary crystals can be spanned using a basis of 3 vectors, the icosahedral pattern has been shown to be generated in a six dimension space where the periodicity is restored. According to this view, the 6D hyperspace can be decomposed into two subspaces, the physical one (E k ) and its complementary (E ? ). In this scheme, the reciprocal lattice of i-AlPdMn has been described as a body-centered hypercube with the 6D translationT i1 n i e ik , where A represents the hypercubic 6D lattice parameter, e ik point to the vertices of the icosahedron (fivefold axis), and n i are integer or half-integer. As proposed by Cahn, Shechtman, and Gratias [25] , we indexed diffraction spectra in the six-dimensional scheme using two integers N and M (see Fig. 1 
, where is the golden mean, and Q k and Q ? the projections in parallel (real) and perpendicular subspaces of a 6D reciprocallattice vector. The lattice parameter A was then determined at each pressure through an average of approximately 50 reflections integrated individually, giving rise to an absolute uncertainty in the a value of less than 10 ÿ4 . The AP data are plotted in Fig. 2 , and fitted with different forms of EOSs found in the literature: the Vinet EOS [26] , the third-order Birch-Murnaghan EOS, and, allowed by the small scattering of our data, the second-order Eulerian EOS [27] . As expected, the values of the lattice parameter at ambient pressure [A 0 6:4631 A], of the bulk modulus B 0 and of the pressure derivative B 0 0 are not dependent on the particular form of the EOS. The results are summarized in Table I and compared to the data obtained from previous work. Apart from differences in experimental techniques, the discrepancies between our values and those from the literature (clearly seen on B 0 0 and B 00 0 ) may also originate from variable stoichiometry [29] . To shed some light on this issue [30] , we carried out additional ultrasonic measurements using a setup for highly accurate measurements of sound velocity under hydrostatic pressure up to 1.0 GPa [31] . In order to avoid inconsistencies due to 
FIG. 1 (color online)
. Half-view of diffraction pattern recorded at 7.2 GPa. A twofold axis of the single grain was oriented along the x-ray beam. Main Bragg reflections were indexed following the indexing scheme proposed by Cahn et al. [25] . The indexed diffraction peaks (N, M) used for the lattice parameter determination have been surrounded by circles. The spot labeled ''?'', always detected at the same coordinates, is not due to the sample. Note the values of angle between two-, three-, and fivefold symmetry axes (A2, A3, and A5 respectively), revealing a perfect icosahedral configuration. Pressure has no effect on the axis angle.
quasicrystalline quality or stoichiometry, these experiments were carried out using the large macroscopic single quasicrystal (dimensions of about 10 mm) from which the small single-grain sample used in the diffraction study was extracted.
The measurements at ambient conditions of the elastic properties of Al 68:2 Pd 22:8 Mn 9 give v L 65187 m s ÿ1 , v T 37285 m s ÿ1 , which yields B 0 1221 GPa, in agreement with previous ultrasonic study [28] and most of the x-ray diffraction work, including ours. Under high pressure, we performed a self-consistent numerical calculation (described in Ref. [31] ) which avoids the use of an EOS to extract the bulk modulus from the ultrasonic experimental data. We obtained an accurate determination of B 0 0 4:235, value in excellent agreement with our diffraction data. In the pressure range probed (0 -1 GPa), no second-order effect can be detected, here again in good agreement with our quite low value of B 00 0 (see Table I ). The ultrasonic results thus confirm our B 0 0 and B 00 0 AXRD data. Moreover, the quite large discrepancy between these data and those previously published, about 20% on B 0 0 and even much more on B 00 0 , could not be explained by the small difference of stoichiometry (Al 68:2 Pd 22:8 Mn 9 in the present work and Al 68:7 Pd 21:7 Mn 9:6 [14, 28] or Al 72 Pd 18:5 Mn 9:5 [15] ).
Attenuation of sound waves and phonon-phason coupling in QCs are known to be intimately connected [32] . Unfortunately, absolute measurements of the ultrasonic signal amplitude cannot be accurate enough in our case because of bonding and scattering effects. However, as mentioned above, the determination of x-ray diffuse scattering and Bragg peak widths vs pressure may give a direct access to the contribution of phasons on the QCs thermodynamic stability. Because of experimental limitations inherent to the sample environment (diamonds of the anvil cell), we were not able to measure the absolute scale of the diffuse scattering as a function of pressure. However, our relatively good instrumental resolution (0:002 A ÿ1 ) allows us to give an upper limit of the phason-type deformation. Figure 3 shows the pressure dependence of the FWHM of one twofold, one threefold, and one fivefold reflection with different Q ? value. If present, the phasons contributions TABLE I. Comparison of the bulk modulus B 0 (GPa), and its pressure derivatives B 0 0 and B 00 0 (:10 ÿ2 GPa ÿ1 ). Energy (angle)-dispersive x-ray diffraction experiment is abbreviated EXRD (AXRD), ultrasonic US, pressure transmitting medium PTM, Vinet and first-and second-order Eulerian EOS respectively V, E1, and E2. Numbers in parentheses correspond to uncertainty in the last significant digits. Note that the ultrasonic B 0 0 result from Ref. [28] is not self-consistent (EXRD data previously published were used to simulate the pressure dependence of the length and density of the sample). (5) 5(1) 70 EXRD [15] none, 70 GPa, E1 100(12) 5.3(9) US [28] liquid, 0.3 GPa 128 (1) No difference between upstroke and downstroke data was detected. The full line corresponds to the fit using the Vinet equation [26] . Inset: plot of the normalized pressure Ff P3f1 2f 5=2 ÿ 1 ÿ1 vs the strain parameter f 1=2A 0 =A 2 ÿ 1. The solid line indicates a fit to the second-order Eulerian equation [27] .
have to be more pronounced on Bragg reflections with a large component of the Q vector in the perpendicular subspace. As a result, no broadening of the diffraction peaks indicate the absence of structural transition and/or unusual configurational entropy change under pressure.
In summary, the EOS of i-AlPdMn has been obtained through single crystal x-ray diffraction and ultrasonic measurements where a number of precautions have been undertaken to avoid ambiguities arising from experimental artifacts. Beside the obvious technological importance of metallic alloys, this highly accurate EOS determination may provide crucial tests of the interatomic distances in compounds where icosahedral short-range order is found. This represents a fundamental issue in the peculiar case of transition metal liquids [1] , where systematic discrepancies are still observed between experimental data and molecular dynamics simulations where the pair potentials have to be heuristically evaluated. Moreover, contrary to what has been believed for many years, we have demonstrated that the thermodynamic model of ideal quasicrystal stability remains valid at high pressure: both energy and entropy participate with the same contribution to the total energy, whatever the density. It is likely that such high stability might be valid for other i-QCs, which, as a consequence, may be important for industrial applications where high stresses are involved. For example, hydrogen storage capacities of QCs, mainly depending on the microcrystalline state, should not be affected by chemical pressure or highpressure synthesis needed for higher levels of storage. From a more fundamental point of view, our results provide accurate data to test theory of why quasicrystals form.
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